A study of temperature annealing on the crystalline structure, the kinetics of martensitic transformation and the mechanical behaviour in the porous Ti-50.0 at % Ni alloy produced by self-propagating high-temperature synthesis at different pre-heating temperatures was carried out. It was found that annealing the porous TiNi alloy in the temperature range of 573 K to 773 K may be used as an effective tool for producing variations in the properties of these objects. An increase in the Ti 3 Ni 4 fraction during annealing results in a decrease in the concentration of Ni in the TiNi phase and an increase in the TiNi fraction that undergoes martensitic transformation.
Introduction
Porous TiNi alloys possess a good combination of a mechanical behaviour similar to bone and a system of connected porous channels, which make them good candidates for bone implants [1] . There are two methods for the preparation of porous TiNi alloys: powder sintering and self-propagating high-temperature synthesis (SHS). There is a lot of data to show that the crystalline structure of the porous TiNi alloy is very different to the structure of the cast TiNi alloy with the same chemical composition. Li et al. [2] found that the porous TiNi sample produced from a powder mixture of Ti-50.0 at. % Ni by SHS contains Ti-rich (Ti 2 Ni) and Ni-rich (TiNi 3 , Ti 3 Ni 4 ) precipitates, and that the TiNi phase exists at room temperature in two phases -the cubic B2 phase and the monoclinic B19' phase. Moreover, Gyunter et al. [3] showed that part of the B2 phase did not undergo a martensitic transformation, even on cooling down to the temperature of liquid nitrogen (77 K). The heterogeneous crystalline structure of the porous TiNi alloy results in atypical kinetics of martensitic transformation which is observed over a very wide range of temperatures, from 373 K to 77 K. This leads to deterioration of the functional properties and narrows down the areas of application of these objects.
The formation of different phases during a self-propagating high-temperature synthesis occurs on cooling just after the reaction has completed. It is probable that the structure has not had enough time to form, hence the processes of structure formation have not finished. In this case, a post-production annealing may lead to the completion of structure formation and, as a result, may modify the kinetics of martensitic transformation and the functional properties of the porous TiNi alloy. Khodorenko and Gyunter [4] showed that annealing the porous TiNi alloy in the temperature range of 563 K to 873 K resulted in a variation of the fractions of Ti 2 Ni and TiNi 3 phases. Chu et al. [5] found that annealing the porous TiNi alloy in the temperature range of 673 K to 723 K led to an increase in the fraction of Ti 3 Ni 4 precipitates. Furthermore, Chu et al. [6] showed that annealing the porous TiNi alloy in the same temperature range resulted in a two-stage reverse martensitic transformation, whereas the alloy subjected to annealing in the temperature range of 748 K to 773 K underwent a one-stage reverse transformation. Thus, the data published these previous studies [4] [5] [6] show that annealing the porous TiNi alloy influences the crystalline structure of the sample and the kinetics of reverse transition; however, these data are incomplete in that they did not allow the determination of a relationship between variations in the crystalline structure of the porous TiNi alloy and the kinetics of phase transformation, or between the mechanical and functional behaviours of these alloys. To shed light on this problem, an investigation of the influence of annealing on the structure, martensitic transformation and the mechanical behaviour of the porous TiNi alloy was performed in the present study.
Experimental procedure
The porous TiNi alloys were prepared from a mixture of high-purity powders of Ti and Ni (Ti-50.0 at.% Ni) by self-propagating high-temperature synthesis. The samples prepared had a diameter of 33 mm and a length of 100 mm. The porosity of the samples was 66 % with an average pore diameter of 300 μm. Samples with a diameter of 33 mm and thickness of 2 mm for the X-ray study, samples with a size of 3×3×2 mm 3 for the differential scanning calorimeter (DSC) study, and samples with a size of 7×30×2 mm 3 for mechanical tests were cut from the ingot by an electro-discharge machine. The structure of the samples was examined using the DRON X-ray diffractometer with Cu K α radiation at room temperature. The martensitic transformations in the samples were studied on cooling and heating in a METTLER TOLEDO 822e DSC apparatus in the temperature range of 160 K to 440 K with a cooling/heating rate of 10 K/min. Mechanical studies of the samples by three-point bending with a base length of 15 mm and an indent diameter of 3 mm were carried out using the Lloyd 30 K plus test machine equipped with a thermal chamber. Stress-strain diagrams were obtained at two deformation temperatures: 410 K and 100 K. To study the influence of temperature annealing on the structure and properties of the porous TiNi alloy, isochronous annealing was used in the temperature range of 573 K to 873 K with step of 100 K and a duration at each temperature of 30 min. A study of the crystalline structure, the kinetics of martensitic transformation and the mechanical behaviour was carried out after each step of isochronous annealing.
Results and Discussion
The porous TiNi alloys were produced by self-propagating high temperature synthesis at different pre-heating temperatures of the powder mixture from 613 K to 773 K. Figure 1 a shows the diffraction patterns of the porous TiNi alloys produced by SHS at pre-heating temperatures of 613 K and 773 K. The crystalline structure of the alloy produced at the pre-heating temperature of 613 K contains precipitates of Ti 2 Ni and Ti 3 Ni 4 phases, whereas the Nirich precipitate is not observed in the alloy produced by SHS at the pre-heating temperature of 773 K. Regardless of the pre-heating temperature, most of the porous alloy fractions contain the cubic B2 phase, however, the diffraction peak of the B19' phase is found in the alloy produced by SHS at the pre-heating temperature of 613 K. The calorimetric curves obtained on cooling and heating the alloys produced by SHS at different temperatures are practically the same. There are two peaks of heat release on cooling (A and B) and one peak of heat absorption on heating (C). Additionally, the calorimetric curve obtained on heating the alloy produced by SHS at the pre-heating temperature of 613 K demonstrates a small peak of heat absorption at high temperatures (D). It was found that peak A is characterized by a very wide temperature range, whereas the value of the transformation heat is small and equal to 1.8 J/g. Peak B is characterized by a small temperature range and a very small transformation heat of 0.8 J/g. Peak C is observed in a wide temperature range and is characterized by 2.6 J/g of heat absorption, whereas peak D is very small and narrow. Analysis of the calorimetric and X-ray data lead to the conclusion that peaks A and B are due to the B2 → B19' transformation and peak C is due to the B19' → B2 reverse transition. The kinetics of martensitic transformations which occurred in the porous TiNi alloy were very unusual because two separate peaks of the B2 → B19' transitions occur; moreover, the temperature range of both transformations is very wide. As the crystalline structures of the porous samples are heterogeneous and the temperatures of phase transitions depend on the Ni concentration, it may be suggested that the unusual kinetics of martensitic transformation were due to the heterogeneous distribution of Ni in the TiNi phase. This would mean that the volumes of the sample with a Ni concentration of 50 at.% to 50.6 at.% underwent the B2 → B19' transformation resulting in peak A, while the volumes with a Ni concentration approximately equal to 51 at.% underwent the B2 → B19' transition resulting in peak B. Comparison of the heat release values of peaks A and B with the transformation heat value of the B2 → B19' transition which occurred in the cast TiNi alloy lead to the estimation that no more than 15 -20 % of the TiNi phase underwent a phase transition in the porous TiNi alloy, and that another fraction of the TiNi phase probably contained more than 52 at. % Ni and did not undergo a martensitic transformation, which is consistent with previously published data [3] . In this case there are no prerequisites to enable good functional properties in the porous TiNi alloy to be found.
The data obtained show that the porous TiNi samples produced at pre-heating temperature less than 753 K have the same structure, kinetics of martensitic transformation and mechanical behaviour as the sample prepared at pre- heating temperature of 613K. At the same time the properties of porous TiNi sample produced at pre-heating temperature of 753K look like the properties of the sample produced at 773 K.
To improve the properties of the porous TiNi alloy, annealing of the samples should be carried out. The X-ray patterns of the porous TiNi alloy produced by SHS at the pre-heating temperature of 613 K and subjected to isochronous annealing are presented in Figure 2 a. Annealing does not influence the number of reflexes; however, it results in an increase in the Ti 3 Ni 4 precipitate peak. An increase in the fraction of the Ni-rich phase must lead to a decrease in the Ni concentration in the the TiNi phase, which should result in a change of martensitic transformation kinetics. This was proven by the calorimetric curves obtained on cooling and heating the porous TiNi alloy subjected to annealing at different temperatures. Figure 2 b illustrates the calorimetric curves obtained on cooling. It can be seen that annealing the porous TiNi alloy at temperatures of 573 K to 673 K strongly influenced peak A. The temperature range of this transformation became narrower and the heat release increased; moreover, the transformation sequence changed from the B2 → B19' transition to the B2 → R transition. It is verified by the special calorimetric experiments on cooling and heating the sample in the temperature range of incomplete transformation (within peak A). The formation of the R phase became more preferable than the B19' phase, due to the increase in the fraction of Ti 3 Ni 4 precipitates. The temperatures of peak B slightly increase after annealing at 673 K, however, the heat release hardly changes. Annealing at a temperature of 773 K dramatically increases the heat release of peaks A and B. It is important to note that an additional peak, peak E (Figure 2 b) , appears on the calorimetric curve on cooling the sample subjected to annealing at a temperature of 573 K and higher. The temperatures of this peak are high and it may be assumed that the B2 → B19' transition occurred in the volumes with a Ni concentration of about 50 at.%. This peak exists in the calorimetric curve obtained on cooling the sample just after preparation (see Figure 1 b ), but its temperature range is close to the range of peak A. Evidence for this can be observed in peak D on the calorimetric curve obtained on heating the TiNi alloy (see Figure 1 b) , which is the reverse B19' → B2 transformation that occurred in the volumes with the same concentration of Ni (50 at. %). The X-ray patterns of the porous TiNi alloy prepared at the preheating temperature of 773 K and subjected to isochronous annealing are given in Figure 3 a. As mentioned earlier, this Ti 3 Ni 4 precipitates were not included in this alloy. However, annealing the sample at temperatures of 573 K to 773 K resulted in the appearance of a Ti 3 Ni 4 diffraction peak. A higher annealing temperature gives a larger diffraction peak intensity and as a result a larger fraction of the Ti 3 In the porous TiNi alloy produced at the temperature of 773 K there is no increase in the heat release of peak B after annealing at a temperature of 773 K. This calorimetric curve is like a calorimetric curve obtained on cooling the porous TiNi alloy produced at a temperature of 613 K and subjected to annealing at 673 K. As the calorimetric curves obtained on cooling the initial sample are the same (see Figure 1 b) , it can be concluded that the process of structure formation was more intensive during the annealing of TiNi alloys produced at the pre-heating temperature of 613 K. This was probably due to the existence of a Ti 3 Ni 4 phase in the alloy just after synthesis. Upon annealing the fraction of Ti 3 Ni 4 precipitates increased, resulting in a decrease in the Ni concentration in the TiNi phase. In the porous TiNi alloy produced at the pre-heating temperature of 773 K the Ti 3 Ni 4 precipitate did not exist just after synthesis. Thus, during annealing two processes must occur: the nucleation of Ti 3 Ni 4 precipitates and their growth. The nucleation and the growth require a greater amount of energy than growth, thus, the decrease in the Ni concentration in the TiNi phase would be slower than during annealing of the porous TiNi alloy produced at the pre-heating temperature of 613 K. Figure 4 shows the dependence of heat release on cooling (peak A + peak B) on the annealing temperature of the porous TiNi alloys produced by SHS at different temperatures. It can be seen that annealing of the porous TiNi alloy produced by SHS at the pre-heating temperature of 613 K results in a considerably greater increase in heat release. As the heat of transformation can be considered as a measure of the fraction of the TiNi phase undergoing a martensitic transformation, then it can be assumed that at a temperature of 170 K the porous TiNi alloy produced at the pre-heating temperature of 613 K contains more fractions of the martensitic phase than the alloy produced at 773 K. However, even the porous TiNi alloy produced at the pre-heating temperature of 613 K subjected to annealing at 773 K did not undergo a complete martensitic transformation, therefore this alloy was in a martensiteaustenite state at a temperature of 170 K. Thus, the mechanical behaviour of these alloys should be determined by the ratio of austenite and martensite fractions. The larger fraction of the martensite phase the similar stress-strain diagrams to the mechanical behaviour measured in the cast TiNi alloy in the martensite state. The mechanical behaviour of the porous TiNi alloys produced by SHS at different temperatures was studied at two temperatures: at 420 K where the TiNi phase is in the austenite state and at 100 K where the austenitemartensite mixture exists. Figure 5a illustrates the stress-strain diagrams for the unannealed porous TiNi alloy at 420 K and 100 K. An increase in the stress up to a value higher than the maximum stress of the stress-strain diagrams results breaks in the samples. It was found that the value for the yield stress measured at 100 K was less than at 420 K and that the residual strain was larger. However, unlike the cast TiNi alloys, typical martensite behaviour was not observed for the porous TiNi alloys As the temperature of annealing increases a fraction of the martensite phases rises and the yield stress measured on the stress-strain diagrams obtained at 100 K decreases (see Figure 5b ). This is caused by the greater volume of the TiNi phase which becomes deformed by the martensite reorientation mechanism that takes place at lower stresses than dislocation slip. An increase in the martensite fraction 'not only gives results similar to martensite, such as the mechanical behaviour, but it also provides the 0 1 2 0 possibility of finding good shape memory effects in the future. The prior study of the mechanical behaviour at the temperature range of peak A in the porous TiNi alloy produced at the pre-heating temperature of 613 K and subjected to annealing at 573 K proves this assumption. Figure 6 shows a stress-strain diagram for the temperature of 295 K, which belongs to the temperature range of peak A (the B2 → R transition), according to the DSC data (see Figure 2 b ). It can be seen that this stress-strain diagram is close to pseudoelastic behaviour, hence it may be concluded that variation in the crystalline structure of the porous TiNi alloy influences the mechanical behaviour of these alloys, demonstrating shape memory effects. The influence of annealing at 873 K on the structure, martensitic transformation and the mechanical behaviour of the porous TiNi alloys was also studied. It was found that heat treatment at this temperature results in partial dissolution of the Ti 3 Ni 4 precipitates which strongly increases the Ni concentration in the TiNi phase and depresses martensitic transformation on cooling and heating. Thus, the results of this study show that annealing of the porous TiNi alloy in the temperature range of 573 K to 773 K may be used as an effective method of producing variations in the crystalline structure that enable the kinetics of martensitic transformation to be controlled and the mechanical behaviour of these objects to be influenced. 
Conclusions
The results of the study have shown that porous TiNi alloy produced at different pre-heating temperatures are characterized by different crystalline structure. It results in difference in influence of annealing temperature on crystalline structure modification and variation in kinetics in martensitic transformation kinetics.
Heat treatment at temperature range of 573 K to 773 K for porous TiNi alloy results in variation in fraction of Ti 3 Ni 4 phase and in the Ni concentration in the TiNi phase. It leads to variation in temperatures and sequence of the martensitic transformation.
Mechanical behaviour of porous TiNi alloy is determined by ratio of austenite and martensite fractions. It is found that porous TiNi sample subjected to annealing at temperature of 573 K demonstrates the pseudoelastic-like behaviour at room temperature.
